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ABSTRACT
We examine the claimed excess X-ray line emission near 3.5 keV including both a new anal-
ysis of XMM-Newton observations of the Milky Way center and a reanalysis of the data on
M 31 and clusters. In no case do we find conclusive evidence for an excess. In the case of
the Galactic center we show that known plasma lines, including in particular K XVIII lines at
3.48 and 3.52 keV, provide a satisfactory fit to the XMM data. We estimate the expected flux
of the K XVIII lines and find that the measured line flux falls squarely within the predicted
range based on the brightness of other well-measured lines in the energy range of interest and
on detailed multi-temperature plasma models. We then re-assess the evidence for excess emis-
sion from clusters of galaxies, allowing for systematic uncertainty in the expected flux from
known plasma lines and additional uncertainty due to potential variation in the abundances of
different elements. We find that no conclusive excess line emission can be advocated when
considering systematic uncertainties in Perseus or in other clusters. We also re-analyze the
XMM data for M 31 and find no statistically significant line emission near 3.5 keV to a level
greater than one sigma. Finally, we analyze the Tycho supernova remnant, which shows sim-
ilar plasma features to the sources above, but does not host any significant dark matter. We
detect a 3.55 keV line from Tycho, which points to possible systematic effects in the flux de-
termination of weak lines, or to relative elemental abundances vastly different from theoretical
expectations.
Key words: X-rays: galaxies; X-rays: galaxies: clusters; X-rays: ISM; line: identification;
(cosmology:) dark matter
1 INTRODUCTION
The particle nature of the dark matter, comprising most of the
gravitationally bound structures in the universe, is unknown. A
far-ranging experimental and observational program is in place
to search for non-gravitational signals that could point to a given
class of particle dark matter candidates. While weakly interact-
ing massive particles have attracted much attention, other particle
candidates remain theoretically robust and observationally viable.
Among such candidates, “sterile” neutrinos offer the appealing pos-
sibility of tying the dark matter problem to the issue of generating
a mass for the Standard Model “active” neutrinos, provide an inter-
esting warm dark matter candidate, and can be potentially associ-
ated with a mechanism to explain the baryon-antibaryon asymme-
try in the universe (see Boyarsky et al. 2009, for a recent review).
Sterile neutrinos can mix with active neutrinos and decay,
on timescales much longer than the age of the Universe, to the
two-body final state given by an active neutrino and a photon.
The details of such process depend on the particular extension to
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the Standard Model that accommodates the sterile neutrino(s) (see
e.g. Pal and Wolfenstein 1982), but the lifetime is set by a model-
independent combination of the sterile-active neutrino mixing an-
gle θ and of the sterile neutrino mass ms of the form
τ ≃ 7.2× 1029 sec
(
10−4
sin(2θ)
)2 (
1 keV
ms
)5
. (1)
Such a decay mode produces an almost monochromatic photon sig-
nal at an energy approximately equal to half the sterile neutrino
mass. Cosmological production mechanisms and constraints from
phase-space density restrict the relevant range for the sterile neu-
trino mass to, roughly, 0.5 – 100 keV (Boyarsky et al. 2009). As a
result, the expected line from sterile neutrino two-body decay falls
in the X-ray range.
Earlier this year, Bulbul et al. (2014a) claimed the existence
of an unidentified emission line at E = (3.55− 3.57) ± 0.03 keV
from stacked XMM-Newton observations of 73 galaxy clusters with
redshift ranging between 0.01 and 0.35. The line is observed with
statistical significance greater than 3σ in three separate subsam-
ples: (i) the single Perseus cluster; (ii) the combined data for the
Coma, Centaurus and Ophiuchus clusters; (iii) all other 69 clusters.
Chandra observations of Perseus indicate a line feature compati-
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ble with the XMM results; The line was not, however, observed in
the Virgo cluster with Chandra data. Bulbul et al. (2014a) explored
possible contaminations from metal lines, notably from K and Ar,
which they claim would require typical emissivities factors of 10-
30 larger than expected from other bright lines.
Shortly after the analysis of Bulbul et al. (2014a), a 3.5 keV
line was reported from XMM-Newton observations of both the
Perseus cluster and the Andromeda galaxy, while not being ob-
served in “blank sky” observations (Boyarsky et al. 2014). The
line intensity is compatible with a sterile neutrino with a mass of
7.06±0.05 keV, and a mixing angle sin2(2θ) = (2.2−20)×10−11
(Boyarsky et al. 2014), consistent with the results of Bulbul et al.
(2014a), which quote a mass of about 7.1 keV and a mixing angle
sin2(2θ) ∼ 7× 10−11.
Significant excitement from the model-building commu-
nity followed the observations described above. Several stud-
ies focused on the possibility of decaying sterile neutri-
nos, and especially on the question of the genesis of the
right abundance of such particles in the early universe and
on the embedding of models in extensions to the Standard
Model of particle physics (Ishida et al. 2014; Abazajian 2014;
Baek and Okada 2014; Tsuyuki 2014; Allahverdi et al. 2014;
Okada 2014; Modak 2014; Cline et al. 2014; Rosner 2014;
Robinson and Tsai 2014; Abada et al. 2014). Other studies con-
sidered alternative possibilities, including exciting dark mat-
ter (Finkbeiner and Weiner 2014; Okada and Toma 2014), ax-
ion and axion-like dark matter (Higaki et al. 2014; Jaeckel et al.
2014; Lee et al. 2014; Cicoli et al. 2014; Ringwald 2014), ax-
ino dark matter (Kong et al. 2014; Choi and Seto 2014; Dias et al.
2014; Liew 2014; Conlon and Day 2014), gravitino dark matter
(Bomark and Roszkowski 2014; Demidov and Gorbunov 2014),
decaying moduli (Nakayama et al. 2014), light vector bosons
(Shuve and Yavin 2014), R-parity violating (Kolda and Unwin
2014) or R-parity conserving (Dutta et al. 2014; Baer et al. 2014)
decays of sparticles in supersymmetry, Majoron dark matter
(Queiroz and Sinha 2014), magnetic dark matter (Lee 2014), dark
transition electric dipoles (Geng et al. 2014), or effective theory
constructions (Krall et al. 2014) (see also Frandsen et al. 2014, for
a general model-building discussion). The possibility of dark mat-
ter pair-annihilation was also entertained in Dudas et al. (2014) and
Baek et al. (2014).
More recently, Riemer-Sorensen (2014) used Chandra obser-
vations of the Milky Way center to probe the possibility that the
3.5 keV line originates from dark matter decay. No evidence was
found for excess X-ray line emission in the energy of interest when
including lines at the energies of known plasma lines. When includ-
ing known emission lines, Riemer-Sorensen (2014) rules out at the
95% confidence level a dark matter decay scenario as the origin of
the line signal reported by Bulbul et al. (2014a) and Boyarsky et al.
(2014). However, as this paper does not quote measured fluxes for
the plasma emission lines near 3.5 keV, it is unclear if these are con-
sistent with what is expected or could instead mask a dark matter
signal.
While the results of Riemer-Sorensen (2014), with the above
caveat, put significant pressure on a dark matter decaying in-
terpretation of the X-ray line observed from Galaxy clusters,
Conlon and Powell (2014) point out that the magnetic field struc-
ture of the Milky Way is such that an axion-like particle conver-
sion to a monochromatic X-ray photon in the presence of mag-
netic fields would still be a viable option. Conlon and Day (2014),
in fact, found that for such a case the line intensity predicted, for
instance, for M31 is two orders of magnitude larger than for the
Milky Way.
Four key subsequent observational studies cast serious doubt
on an exotic origin for the line signal of Bulbul et al. (2014a) and
Boyarsky et al. (2014). Malyshev et al. (2014) considered stacked
observations of dwarf galaxies, while Anderson et al. (2014) an-
alyzed Chandra and XMM-Newton observations of two samples of
galaxies and groups of galaxies; such a sample possesses the impor-
tant feature that no significant plasma emission should exist at 3.5
keV. Neither one of those studies found any evidence for a 3.5 keV
line signal, robustly ruling out a dark matter decay interpretation
of the 3.5 keV line observations reported by Bulbul et al. (2014a)
and Boyarsky et al. (2014). Subsequently, Urban et al. (2014) uti-
lized deep deep Suzaku observations of Perseus, Coma, Virgo and
Ophiuchus; while a 3.5 keV line was significantly detected in the
case of Perseus, with an intensity potentially explained by elemen-
tal lines, no signal was found from the other three clusters, ruling
out a dark matter interpretation for the 3.5 keV line observed from
Perseus, when appropriately rescaled for the other three clusters.
Finally, with Carlson, we recently showed that the morphology of
the Galactic Center and of the Perseus 3.5 keV signal is entirely
incompatible with a dark matter decay origin, while being consis-
tent with an origin rooted in plasma emission in both cases, and we
derived the most stringent constraints to date on the sterile neutrino
parameter space for masses in the vicinity of 7 keV (Carlson et al.
2014).
In the present study we utilize XMM-Newton observations
of the Milky Way center and of M31 with the purpose of test-
ing a “new physics” origin for the 3.5 keV line reported by
Bulbul et al. (2014a) and Boyarsky et al. (2014). We illustrate that
known plasma emission lines, with reasonable emissivities, provide
a satisfactory fit to the Galactic center X-ray spectrum in the energy
range of interest (sec. 2.2) and we outline the implications for a dark
matter interpretation of the 3.5 keV line (sec. 2.3); we then show
that accounting for systematic uncertainties in the plasma emission
line brightness in clusters of galaxies from both relative elemental
abundances and plasma multi-temperature models explains the ob-
served 3.5 keV feature (sec. 3.1); finally, we show that there is no
statistical evidence, to a level greater than one sigma, for the ex-
istence of a 3.5 keV line from M 31 in a reanalysis of the XMM
data. (sec. 3.2). We discuss possible systematic effects in sec. 4,
and summarize our findings and conclude in sec. 5.
2 SEARCHING FOR DARK MATTER DECAY FROM
THE MILKY WAY CENTER
As a starting point to our analysis, we focus on XMM observations
of the Galactic center. The center of the Milky Way is an obvi-
ous target to search for non-gravitational signals from particle dark
matter, such as photons from dark matter pair annihilation or de-
cay. While astrophysical background emission, including signifi-
cant flaring activity, is present in the region, simple estimates of
the integrated line of sight density of dark matter within angular re-
gions of the size of the field of view of X-ray instruments indicate
that the Galactic center is likely the brightest direction in the sky for
dark matter decay into photons. Here, we improve on a recent anal-
ysis that utilized Chandra X-ray observations of the Galactic center
Riemer-Sorensen (2014) by employing archival public XMM obser-
vations, with a larger field-of-view, a higher effective area, and with
a total cleaned exposure time a factor almost 2.5 greater than in the
analysis of Riemer-Sorensen (2014). We also explore in detail the
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expected contribution of known plasma lines and whether these can
explain the observed emission.
2.1 XMM Data Analysis
In this section, we describe the observations we employed in our
analysis, the data reduction and selection procedure. We initially
considered all XMM observations pointed within 4’ of the Galactic
center and with exposure times of at least 10 ksecs. The EPIC MOS
and PN data for all observations were reduced with the XMM SAS
(version 13.5.0) software1 using standard reduction techniques.
The level 1 event files were reprocessed with the emchain and
epchain tasks. Flare filtering, point source detection, and spec-
tral extraction were carried out using the XMM ESAS package
(Snowden et al. 2008; Kuntz and Snowden 2008). The lightcurve
filtering tasks mos-filter and pn-filter within ESAS are
designed to eliminate periods with elevated particle background.
Filtering was accomplished by creating a histogram of the count
rate in 60 second bins; a Gaussian was fit to the histogram, and
periods when the count rate deviated by more the 1.5σ from the
Gaussian peak were removed.
In the case of the Galactic center, Sgr A∗ is known to be highly
variable, and, in addition to actual particle background flares, flar-
ing activity of Sgr A∗ can also significantly change the observed
count rate. In principle, flaring of Sgr A∗ should have no effect on
our analysis, since it would not affect the flux of a dark-matter-
induced line. However, these flares do significantly increase the
background to line detection, as well as changing the spectral shape
of Sgr A∗ (e.g. Nowak et al. 2012), so we removed from our anal-
ysis observations during time periods with strong Sgr A∗ flares
(October 3, 2002; April 2-5, 2007) as well as additional observa-
tions which were found to be very highly contaminated by vari-
ability and/or particle background flares. The observations utilized
in our analysis and the remaining good exposure time after flare
filtering for each instrument are catalogued in Table 1. The total
flare-filtered exposure times are 675 ks, 700 ks, and 487 ks for the
MOS1, MOS2, and PN detectors, respectively. Collectively, this
exposure time is approximately 2.5 times larger than the Chandra
observations used in the analysis of Riemer-Sorensen (2014).
Bright point sources were detected and masked using the
ESAS task cheese run on broad band images (0.4-7.2 keV), in-
cluding a ∼ 20” region around Sgr A∗; cheese also masks low
exposure regions of the detector like chip gaps and bad columns.
We then extracted spectra from the full field-of-view for each de-
tector, excluding CCD 6 on MOS1 which suffered micrometeoroid
damage in March 2005, and corresponding redistribution matrix
files (RMFs) and ancillary response files (ARFs) using the ESAS
tasks mos-spectra and pn-spectra. No background spectra
were created, as we choose to model the background rather than
subtract it off. The individual spectra were then summed using the
mathpha tool from the FTOOLS package (Blackburn 1995). Com-
bined RMF and ARF files are generated using the addrmf and
addarf routines in FTOOLS, weighed by the relative contribu-
tion of each observation to the total exposure time. Spectra and
responses from the two MOS detectors were co-added to create a
single combined MOS spectrum, while spectra and responses ex-
tracted from the PN detector were summed separately.
The stacked MOS and PN spectra are fit with XSPEC (ver-
sion 12.8.1p, Arnaud 1996). The X-ray emission from the Galac-
1 http://xmm.esac.esa.int/sas/
tic center region within the XMM field-of-view (radius of ∼ 15′)
is a complicated combination of numerous sources, including ac-
tive stars, cataclysmic variables, low and high-mass X-ray binaries,
supernova remnants, thermal gas, particle and instrumental back-
grounds. As we are primarily interested in determining if excess
line emission is present around 3.5 keV, we do not attempt to fit a
physically meaningful spectral model that accounts for all of these
components. Instead, we focus on obtaining a good fit to the con-
tinuum emission in the spectral range of interest. Specifically, we
fit a narrow energy range from 2.3-4.5 keV. This energy range is
large enough to be much broader than the energy resolution of the
detectors (∼ 100 eV) as well as containing several strong plasma
emission lines based on which we can estimate the flux of weaker
lines; at the same time, the energy window is small enough that we
obtain a good fit with a simple power law continuum plus astro-
physical line emission.
We began by fitting the spectra to a simple power law plus
a series of Gaussian lines modulated by photo-electric absorp-
tion. Lines were added starting with the most significant plasma
emission lines in the energy range taken from the AtomDB
database2Smith et al. (2001). We then successively added Gaus-
sians for weaker plasma lines. Line energies were allowed to vary
by ±10 eV to account for uncertainty in the energy calibration of
the detectors and in the atomic database. Known lines which im-
proved the reduced χ2 were kept, while those that did not improve
the fit and had very low normalizations were removed. The lines in-
cluded in the final fit (and the corresponding energies) were: Si XIII
(2.34 keV), Si XIV (2.37, 2.50 keV), S XV (2.44, 2.46, 2.82, 2.88,
3.03 keV), S XVI (2.62, 3.39 keV), Ar XVII (3.13, 3.62, 3.69, 3.79,
4.0 keV), Ar XVIII (3.32 keV), K XVIII (3.48, 3.52 keV), Ca XIX
(3.86, 3.90 keV), Ca XX (4.11 keV). The resulting model yielded a
very good fit to the data with a reduced χ2 of 0.96 (χ2 = 388/405
degrees of freedom) for the combined MOS spectrum and a reduced
χ2 of 1.3 (χ2 = 548/410 degrees of freedom) for the combined PN
spectrum. Note that S XV emission around 2.45 keV results from a
complex of several lines which are unresolved; here we model this
emission as a set of two closely spaced Gaussians. The remaining
residuals in the PN fit are primarily due to modeling of this com-
ponent. The best fit and residuals are shown in Figure 1, which il-
lustrates that no additional excess line is present in the data beyond
the lines listed above.
Note that there are two plasma lines due to K XVIII right
around 3.5 keV. Excluding these lines would significantly worsen
the fit. Clearly, it is of paramount importance to assess the expected
strength of these plasma lines, as underestimating their strength
could mimic a dark matter signal, while overestimating it could
hide a true dark matter line. In the following section, we take a
similar approach to Bulbul et al. (2014a) by taking the measured
strength of several strong plasma lines near 3.5 keV and using
these, in conjunction with a variety of multi-temperature models,
to estimate the strength of K XVIII emission. Notice that there is
also a pair of lines from Cl XVII at 3.51 keV which are expected to
contribute comparable flux to K XVIII for higher temperature plas-
mas (kT > 5 keV). These lines were not included in the analysis of
Bulbul et al. (2014a), but we will include here their estimated con-
tribution, including constraints on the maximal brightness of the Cl
XVII Lyman-β lines at 3.51 keV from the brightness of the corre-
sponding Cl XVII Lyman-α at 2.96 keV.
2 http://www.atomdb.org/Webguide/webguide.php
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obsID MOS1 (ksec) MOS2 (ksec) PN (ksec)
0111350101 41.5 41.2 34.6
0202670701 79.9 83.4 53.6
0554750401 31.7 33.3 26.1
0604301001 39.2 41.2 20.9
0674601101 10.6 10.9 9.4
0202670801 93.3 97.0 62.5
0554750501 40.6 40.6 31.6
0658600101 47.1 47.6 39.8
0554750601 36.3 36.3 24.8
0658600201 39.7 42.7 32.6
0604300601 30.7 32.2 21.0
0112972101 21.3 21.3 16.9
0604300701 36.6 42.1 19.9
0604300801 34.6 34.6 27.6
0674600801 18.0 18.4 13.8
0604300901 20.9 22.1 13.5
0674601001 20.6 21.1 15.5
0202670601 32.2 34.8 22.4
Table 1. XMM obsID numbers and flare-filtered exposure times for the three EPIC cameras for the Galactic center observations used in our analysis.
Figure 1. Stacked spectra of the Galactic center in the 2.3 to 4.5 keV band for the combined MOS (left) and PN (right) observations. Also shown are the
best-fit model and residuals.
2.2 Predicting the Flux of the K XVIII Lines
In Table 2, we list the measured fluxes of several strong emis-
sion lines in the spectral energy range under scrutiny as well as
the sum of the two K XVIII lines. When predicting emissivi-
ties, each of these lines is considered as the sum of all closely
spaced, significant lines which are unresolvable at the instrumen-
tal energy resolution. The lines/line complexes considered are:
S XV (2.43 to 2.46 keV), S XVI (2.620+2.623 keV), Ar XVII
(3.104+3.124+3.126+3.140 keV), K XVIII (3.476+3.515 keV),
Ar XVIII (3.318+3.323 keV), Ca XIX (3.861+3.883+3.888+3.902
keV), and Ca XX (4.100+4.107 keV). Note that we include the K
XVIII lines at 3.476 keV and 3.515 keV separately in the spectral
fit, but since the two normalizations are not independent, we sum
them here.
In principle, the expected flux of K XVIII can be calculated
based on the ratio of the emissivity of the K XVIII lines to these
strong lines and the measured strong line fluxes. However, the rel-
ative emissivities of different lines is a sensitive function of the
plasma temperature. In addition, the relative fluxes of lines of dif-
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Line Energy MOS Flux PN Flux
keV photons cm−2 s−1 photons cm−2 s−1
S XV 2.45 3.1± 0.2× 10−3 2.55 ± 0.04× 10−3
S XVI 2.62 4.8± 0.3× 10−4 2.9± 0.1× 10−4
Ar XVII 3.13 6.1± 0.1× 10−4 5.74 ± 0.07× 10−4
Ar XVIII 3.32 1.16± 0.05× 10−4 6.5± 1.0× 10−5
Ca XIX 3.90 2.55± 0.03× 10−4 2.4± 0.1× 10−4
Ca XX 4.1 4.1± 0.3× 10−5 4.2± 0.4× 10−5
K XVIII (?) 3.5 4.5± 0.4× 10−5 3.9± 0.7× 10−5
Table 2. Measured fluxes of the most prominent plasma lines between 2.4 and 4.5 keV in the Galactic center. Fluxes are listed separately for the combined
MOS and PN spectra. Also listed is the summed flux of detected line emission at 3.48 and 3.52 keV, the position of plasma lines from K XVIII.
ferent elements depend on their relative abundances in the medium.
We will nominally assume that the relative elemental abundances
track their ratios in the Sun (Anders and Grevesse 1989), though
variation in the relative abundances by a factor of 2-3 would not be
unreasonable (e.g. Muno et al. 2004; Park et al. 2005; Sakano et al.
2004; Uchiyama et al. 2013).
Thermal emission from the Galactic center region is multi-
temperature and is typically modeled as having contributions
from both low temperature, kT ∼ 0.8 − 1 keV, and high-
temperature, kT ∼ 6 − 8 keV, components (e.g. Muno et al.
2004; Heard and Warwick 2013a,b; Uchiyama et al. 2013). A por-
tion of the high-temperature component may also stem from un-
resolved point sources (e.g. Wang et al. 2002; Revnivtsev et al.
2009; Heard and Warwick 2013b). Additional thermal compo-
nents are contributed by individual sources in the region, includ-
ing the Sagittarius A East supernova remnant (e.g. Park et al.
2005; Koyama et al. 2007) and the Arches massive star cluster
(Wang et al. 2006; Tsujimoto et al. 2007).
Extrapolating a sensible multi-temperature model for this re-
gion is hindered by the unknown relative elemental abundances
(which, as stated above, we putatively assume to track solar abun-
dances). As a first guideline, we studied same-element ratios, which
are not plagued by this systematic uncertainty, and which can be
sensitive functions of temperature. We examined in particular three
such ratios: (i) Ca XX to Ca XIX, (ii) Ar XVIII (3.32) to Ar XVII
(3.13), and (iii) a set of S ratios. The measured Ca XX to Ca XIX
ratio we observe indicates a temperature of about 2 keV; the Ar
XVIII (3.32) to At XVII (3.13) ratio indicates a temperature of
about 1.7 keV. Finally, we employed the ratio of a complex of S
XV lines with energies in the vicinity of 2.4 keV, and of the S XVI
2.63 keV line. This ratio indicates a temperature of about 4.7 keV,
but is potentially plagued by a steep dependence of the line fluxes
on absorption, especially for the S XV low-energy lines.
While keeping the same-element ratios into considera-
tion, we first consider a set of two two-temperature models,
motivated in part by previous results on modeling the GC
multi-temperature plasma (Muno et al. 2004; Heard and Warwick
2013a,b; Uchiyama et al. 2013). Specifically, we employ a two-
temperature model, inspired by the results of Uchiyama et al.
(2013), with T1 = 1 keV and T2 = 7 keV and a relative nor-
malizationN1/N2 = 4. For this model, we predict both the correct
Ar 3.13 to Ar 3.32 ratio and the Ca XIX to Ca XX ratio to bet-
ter than a factor 2; the model implies S to be a factor of about 3
under-abundant, for both MOS and PN observations, compared to
the abundances of Ca and Ar inferred from the Ca XIX and Ar 3.32
lines (such abundances are within 10% of each other), and the K to
be a factor 2.4 (2.2) over-abundant for MOS (PN), if one wishes to
attribute the 3.5 keV line to K XVIII entirely.
We also consider an alternate two-temperature model, moti-
vated by the results of Muno et al. (2004), with T1 = 0.8 keV and
T2 = 8 keV and a relative normalization N1/N2 = 3. In this
case, normalizing to the Ca abundance as inferred from Ca XIX,
we find reasonable but not perfect agreement for the Ar and Ca
line ratios, with comparable Ar and Ca abundances; S needs to be
a factor 2 (3) under-abundant for MOS (PN), and K a factor 3 (2.7)
over-abundant for MOS (PN) observations.
Finally, we consider a three-temperature model with T1 = 0.8
keV, T2 = 2 keV and T3 = 8 keV and relative normalizations
N1/N2 = 0.17 and N3/N2 = 0.075. We fine-tuned this model to
provide a perfect match for the Ca XIX to Ca XX ratio and for the
Ar 3.13 to Ar 3.32 ratios for MOS observations (good agreement
is in place also for PN observations for these ratios, to within a
few 10%). The relative Argon to Calcium abundance is 0.8, thus
very close to solar, for both MOS and PN. The relative Calcium
to Sulfur abundance in this model has Sulfur under-abundant by
a factor 2.7 (4.1 for PN), and the relative Calcium to Potassium
abundance gives Potassium overabundant by a factor 2.7 (2.5 for
PN).
To investigate the potential contribution of the complex of Cl
XVII Lyman-β lines at 3.51 keV, we searched for lines correspond-
ing to the brighter Cl XVII Lyman-α lines at 2.96 keV. We iden-
tified a line at 3.00 keV, with a line flux in the combined MOS
spectrum of 6.33 × 10−5 ph cm−2 s−1. The line is presumably
contaminated by relatively bright S XV lines, especially one at 3.03
keV. We calculated, utilizing AtomDB v2.0.2, the ratio, as a func-
tion of temperature, of the Cl XVII Lyman-α lines to the S XV
lines in the proximity of 3 keV, and found that the S XV complex
dominates for low temperatures, below roughly 2.5 keV, while at
high temperature the Cl XVII Lyman-α line dominates, to the level
of being a factor 10 brighter for temperatures of around 8 keV and
above.
The Cl XVII Lyman-α (2.96) to Lyman-β (3.51) ratio is very
large at low temperature, and drops to between 6 and 7 for tem-
peratures above approximately 2 keV. The maximal contribution
to the 3.5 keV line from the Cl XVII Lyman-β lines therefore can
only stem from a relatively high-temperature plasma component.
Specifically, the absolute largest contribution to the 3.5 keV line is
a flux of about 1.0 × 10−5 ph cm−2 s−1 at temperatures larger
than 8 keV; at a temperature of 2 keV, the maximal contribution to
the 3.5 keV line from Cl is about 0.3× 10−5 ph cm−2 s−1. Given
that in our multi-temperature models a high-temperature compo-
nent has at most a normalization suppressed by a factor 3 com-
pared to the low-temperature component, we can safely conclude
that the maximal Cl contribution to the 3.5 keV line is around
0.3 × 10−5 ph cm−2 s−1, i.e. at most 7% of the observed flux
at 3.5 keV.
In summary, we consistently find that multi-temperature mod-
els predict S to be under abundant by factors close to 3 and K to be
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over abundant by a similar factor, if one wishes to attribute the 3.5
keV line to K entirely (as explained above, a contamination of Cl
is not excluded but subdominant).
2.3 Implications for Dark Matter Decay
In this section we describe the implications for a dark matter decay
interpretation of the XMM observations analyzed above. We obtain
two different results:
(i) a conservative constraint on the maximal dark matter life-
time for a dark matter particle decaying to a two-body final state
including a photon of energy 3.5 keV, from a 2-sigma upper limit
to the total X-ray flux at 3.5 keV from XMM MOS and PN obser-
vations, thus entirely neglecting any contribution from elemental
lines; this is a conservative constraint in that even assuming solar
abundances we find that at least of order a third of the 3.5 keV
emission comes from K XVIII;
(ii) a fit to the putative lifetime associated with a dark matter
particle responsible for the observed 3.5 keV line flux, for a variety
of dark matter density profiles.
We improve here on the calculation of similar constraints ob-
tained by Riemer-Sorensen (2014) by considering the effective in-
tegrated line-of-sight integral of the dark matter density over the
relevant angular region times the actual masks employed in the
observations, and by taking into account the effect of absorption.
Co-added images of the masks used in the MOS and PN spectral
extraction are shown in Fig. 2 showing area lost due to point source
exclusion and instrumental features as well as the positional offset
between different observations. For reference, we utilize two dark
matter density profiles identical to those used in Riemer-Sorensen
(2014) (to which we refer the Reader for further details), namely
a Navarro-Frenk and White (NFW), and an Einasto profile (EIN)
with α = 0.17 both with scale radius rs = 21 kpc and a local dark
matter density of 0.4 GeV/cm3. In addition, to obtain an even more
conservative estimate of the dark matter “column density”, we also
employ a Burkert (BUR) profile, with a scale radius of 6 kpc and an
identical local dark matter density (it is trivial to rescale our results
for a different local dark matter density). We calculate the following
effective J-factors in the direction of the Galactic center as follows
J ≡
∫
∆Ω
∫
l.o.s.
A(ψ) ρ(ψ, l)dl dΩ(ψ) (2)
with 0 6 A(ψ) 6 1 the mask profile averaged over an annulus at
an angle ψ around the Galactic center, and with an angular aperture
∆Ω roughly corresponding to the XMM field of view, i.e. a half-
aperture angle of about 15 arcmin. We found the following effective
J values, in units of 1018 GeV cm−2 (the numbers in parenthesis
neglect the efficiency factor, i.e. assume A(ψ) = 1):
PN : JBUR = 3.91 (5.04); JNFW = 12.5 (16.1); JEIN = 14.9 (19.2)
MOS : JBUR = 3.77 (5.04); JNFW = 12.2 (16.1); JEIN = 14.4 (19.2)
(i) The conservative upper limit corresponds to the maximal
flux at 2-sigma at an energy of 3.5 keV. The resulting upper limits
on the inverse dark matter lifetime (i.e. on the decay width Γ =
1/τ ) are as follows, in units of 10−28 s−1:
PN : BUR = 12.0; NFW = 3.73; EIN = 3.13
MOS : BUR = 12.4; NFW = 3.82; EIN = 3.24
(ii) The preferred range for the sterile neutrino mixing an-
gle assuming the entire 3.5 keV line flux originates from the two-
body decay of a 7 keV sterile neutrino is, for PN, sin2(2θ) ∼
1.0 − 3.8) × 10−10 (the lower number corresponding to the EIN
profile, the higher number to the BUR profile case) and for MOS
of sin2(2θ) ∼ 1.2− 4.5)× 10−10 . It is intriguing that the range of
mixing angles we find here aligns well with the preferred values in
Bulbul et al. (2014a); Boyarsky et al. (2014) to explain the 3.5 keV
line observed from clusters and from M31 in terms of dark matter
decay. Of course, the line energy found for the GC is somewhat
offset from that found for clusters.
3 COMPARISON TO CLUSTERS AND M 31
In this section, we reconsider the evidence for excess line emission
near 3.5 keV in other systems, namely stacked observations of clus-
ters and observations of M 31, in light of systematic uncertainties
associated with the emission strength of the K XVIII lines.
3.1 Perseus and Other Clusters
Bulbul et al. (2014a) present evidence of excess line emission
around 3.55 to 3.57 keV from the stacked XMM spectra of 73 clus-
ters of galaxies as well as individually from Perseus and a stack of
Centaurus+Ophiuchus+Coma. They also analyze Chandra observa-
tions of the Virgo cluster but do not find excess line emission from
this cluster. Bulbul et al. (2014a) predict the expected K XVIII line
fluxes based on the measured fluxes of S XVI (2.62 keV), Ca XIX
(3.9 keV), and Ca XX (4.1 keV) and multi-temperature plasma
models. Specifically, they fit a multi-temperature thermal plasma
model (using a line-free apec model in XSPEC) with 2-4 thermal
components. The expected flux of the K XVIII lines is then cal-
culated as a sum over the expectations for the different fit tem-
peratures weighted by the relative normalizations of the individual
thermal components from the spectral fit. They then allow the K
XVIII line normalizations to go a factor of three above this predic-
tion to account for potential relative elemental abundance variation.
They conclude that the excess emission detected is a factor of 10-20
larger than the KXVIII flux predicted in this way.
While this is a possible procedure, it may not capture the true
thermal complexity of a cool-core system with AGN feedback like
Perseus, nor of a stack of 73 clusters each with their own differ-
ent intra-cluster medium structure. In fact, it is important to note
that the temperatures derived even from the multi-temperature fit
do not agree for the same objects observed with different instru-
ments (e.g. Perseus for XMM MOS versus Perseus for XMM PN,
see Bulbul et al. 2014a, Table 2), which leads to significantly dif-
fering predictions for K XVIII. Here, we study whether, under rea-
sonable assumptions, the K XVIII lines fluxes in clusters might
be stronger than those used by Bulbul et al. (2014a) based on the
quoted line strengths for S XVI, Ca XIX, and Ca XX in Tables 2
and 7 of their paper.
Our central tenet is that Bulbul et al. (2014a) base their pre-
dictions on multi-temperature models biased towards large clus-
ter temperatures, at which the K XVIII emissivity is systematically
suppressed. At lower, yet reasonable cluster temperatures we show
that the detected 3.5 keV lines can consistently be explained by K
XVIII, to within a factor 3 or less in the K overabundance compared
to S or Ca3.
3 We note that the limits on the Ly-α 2.96 keV line presented in
Bulbul et al. (2014b) constrain the contribution of Cl XVII to the 3.5 to
a negligible level of at most a few percent.
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Figure 2. Co-added images of the masks used in the MOS and PN spectral extraction produced by the ESAS task cheese. Lost area due to point source
exclusion and instrumental features are clear. These summed masks are used to correct for the effective dark matter mass probed as a function of radius.
Using AtomDB 2.0.2, we calculated, for each cluster sample
in Bulbul et al. (2014b), the overabundance of K needed relative
to S and Ca to explain the central value of the 3.5 keV line with
the 3.48 plus 3.51 keV lines from K XVIII. In practice, following
Bulbul et al. (2014b), we calculate the maximal predicted K XVIII
line flux ΓK at a given temperature Tε as
ΓK(r, Tε) = Γr
εK(Tε)
εr(Tε)
(3)
with r =S, Ca XIX and Ca XX and Γr the maximal line flux (cen-
tral value plus 2σ) associated with the given measured strong line
as quoted in Bulbul et al. (2014b). The K overabundance is then
the ratio of the central value of the observed 3.5 keV line flux to the
predicted ΓK(r, Tε).
Utilizing the Ca XIX line as a predictor, we find that for tem-
peratures, T . 3 keV, K need not be overabundant compared to Ca
by more than factors of 3-5, with the exception of the “full sam-
ple - PN” case where at T = 3 keV the K overabundance is about
6 but drops at lower temperatures. Similarly for temperatures less
than 3 − 3.5 keV the Ca XX line implies that K need not be over-
abundant by more than about 2; for temperatures less than ∼2.5
keV, the Ca XX line actually indicates a K underabundance. The S
XVI line predicts somewhat lower K fluxes, similar to what is seen
for the GC. The S XVI line predicts a bright enough K XVIII line
in all cases with K to S abundances between 1 and 3 for very low
temperatures, around 0.7 keV. For larger temperatures, e.g. T ∼ 3
keV, the K to S abundance ranges between factors of 5 and 20.
In summary, we find that as long as the clusters’ multi-
temperature plasma includes a significant enough component at
a relatively low temperatures (T . 3 keV) then the predicted K
XVIII line flux is within a factor of at most 3 of the observed 3.5
keV line.
We believe that the reason why Bulbul et al. (2014a) arrived
at differing conclusions from what we outline here is that they
employed multi-temperature models systematically biased towards
large temperatures. Let us make a very definite example. For the
full-sample, PN stacked spectra, Bulbul et al. (2014a) used a multi-
temperature model whose lowest temperature component had a
temperature of 5.9 keV, the other three components being at 6.1, 7.3
and 10.9 keV. These high temperatures are clearly at odds with the
Ca XX to Ca XIX line ratio that Bulbul et al. (2014a) quotes. This
ratio is especially compelling, as it is (i) obviously unaffected by
relative elemental abundance uncertainties, and (ii) a strong func-
tion of temperature. The measured Ca XX to Ca XIX line ratio
differs from the prediction from the 4 temperatures employed by
factors between approximately 3 and 10. As a result, the K XVIII
is under-estimated by factors between 4.3 (for T = 5.9 keV) up to
more than 13 (for T = 10.9 keV). Notice that this particular ex-
ample is not unique, in that while lower-temperature components
are present in other samples, the relative normalization almost al-
ways largely suppresses them, affecting the general conclusion pre-
sented in Bulbul et al. (2014a) that the contribution from K XVIII
to the unidentified line is negligible. Additionally, since the fits car-
ried out in Bulbul et al. (2014a) employed a maximal K XVIII flux
which is very likely significantly under-estimated, serious doubts
are cast on the conclusions derived in that study based on their
spectral analysis.
We note in particular that the temperatures implied by the Ca
XX to Ca XIX line ratio systematically indicate temperatures below
3 keV (specifically, between approximately 1.6 and 2.9 keV) for all
XMM stacked cluster observations in Bulbul et al. (2014a), clearly
indicating that a significant plasma component with T . 3 keV
should be present. As a result, the implied K overabundance should
be significantly lower than what is derived and quoted in that paper.
Bulbul et al. (2014a) used their predicted K XVIII fluxes to set
the allowed range for these lines in their spectral fits. In addition
to the concern outlined above as to whether their allowed maximal
values for the K XVIII fluxes were truly conservative, when search-
ing for an excess Bulbul et al. (2014a) do not enforce conservative
fluxes for the K XVIII lines and the normalization of the “excess”
line is likely highly correlated to the K XVIII flux: in other words,
the additional line might well have artificially absorbed photons
from the K lines. What Bulbul et al. (2014a) do quote is that if they
allow the nearby Ar VXII line at 3.62 keV to have an arbitrarily
large flux, the need for a line near 3.57 keV is removed. Something
similar might be at work for the K XVIII lines as well.
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3.2 A Reanalysis of the XMM Data for M 31
Boyarsky et al. (2014) report the detection of an unidentified line
in both the Andromeda Galaxy and in a separate analysis of the
Perseus Cluster. Boyarsky et al. (2014) do not report line fluxes for
the astrophysical plasma lines included in their analysis. To assess
the significance of possible line emission in M 31, we therefore
reanalyzed the available XMM data. In particular, we analyzed the
same M 31 data set employed by Boyarsky et al. (2014), namely the
EPIC MOS data for the observations listed in their Table 3 which
were determined to have low levels of contamination from particle
background flares. Here, we consider only the 29 XMM pointings
within 2’ of the center of M 31. Data reduction and spectral stack-
ing followed the same methodology employed for the Galactic cen-
ter analysis described in Section 2.1.
Just as in the case of the Galactic center, the X-ray emission
from M 31 is a complicated combination of sources, dominated by
unresolved X-ray binaries and stellar sources in addition to ther-
mal emission from a soft∼ 0.3 keV plasma (Takahashi et al. 2004;
Bogda´n and Gilfanov 2008; Liu et al. 2010). As with the Galac-
tic center analysis, we concentrate on obtaining a good fit to the
continuum emission near 3.5 keV rather than modeling in detail
the contributions from each of these sources. For the low average
plasma temperature indicated, no strong line emission is expected
in M 31 in the 3-4 keV range, nor is any evident. As shown in
the left panel of Fig. 3, we find that the M 31 data are well fit by
a simple power law between 3 and 4 keV, with a reduced χ2 of
1.12 (χ2 = 220.6/197 degrees of freedom) for the combined MOS
spectrum.
No significant residuals are evident in the fit, but we test for the
existence of excess line emission by adding a Gaussian line with an
energy allowed to vary between 3 to 4 keV. We find that the addition
of a line does not significantly improve the fit giving a reduced χ2
of 1.11 (χ2 = 216.0/195 degrees of freedom). While the best-
fit line energy is 3.53 keV as found by Boyarsky et al. (2014), the
energy is essentially unconstrained and the line normalization is not
significantly non-zero. To illustrate this important point, the right
panel of Fig. 3 shows confidence contours for the line energy and
flux with contours indicating the 68% (black), 90% (red), and 99%
(green) confidence regions. As can be seen from this figure, the line
is only present at about the 1-sigma level and the normalization is
consistent with zero with the 90% confidence region. The best-fit
flux we derive is also a factor of two lower than what was found
by Boyarsky et al. (2014) whose flux may have been amplified by
residuals in the spectrum outside of the 3-4 keV range.
Extending the energy range to consider the data between 3-5
keV or 3-7 keV likewise does not lead to the detection of a line near
3.5 keV at more than 2-sigma significance (Jeltema and Profumo
2014). For a broad energy range, the continuum cannot be model
simply as a single power law; fitting energies above 5 keV our back-
ground model includes instrumental and astrophysical lines from
Cr, Mn, and Fe as well as an additional unfolded power law to
account for the particle background. In the very broad, 2-8 keV
energy range considered by Boyarsky et al. (2014) additional astro-
physical plasma lines and instrumental features also come into play.
Fitting this energy range with a model similar to Boyarsky et al.
(2014), we find that spurious residuals appear in the spectrum
near 3 keV which are not line-like in nature (see e.g. Figure 2 in
Jeltema and Profumo 2014). The most significant feature in these
residuals is a deficit compared to the model between 2.8-3.1 keV
followed by a slight excess extending from 3.1-3.8 keV. The 3.5
keV “excess” therefore results from poor continuum modeling. We
conclude that no significant line emission near 3.5 keV is detected
in M 31.
4 DISCUSSION OF SYSTEMATIC EFFECTS
There are three general possibilities for the origin of the 3.5 keV
line seen in the GC and in clusters: (1) some form of new physics,
such as dark matter decay or annihilation, or axion-photon conver-
sion; (2) emission from potassium with either an abundance some-
what higher than nominally expected given our understanding of
relative elemental abundances in the Sun, or with an emissivity
higher than what predicted from AtomDB; or (3) systematics in
the analysis and/or instrumental response. In this section we review
and address possible systematic effects.
Given the weakness of the 3.5 keV line, it is worth consider-
ing whether the line could originate from an instrumental feature
such as a systematic error in the calibration of the instrumental re-
sponse or from systematics in the analysis procedure. For exam-
ple, Tamura et al. (2014) find significant systematic errors in the
the effective area calibration of Suzaku XIS using Crab Nebula
observations, and argue that these might contribute to the detec-
tion of a line at 3.5 keV. A 3.5 keV line has not been detected in
XMM black fields, stacked dwarf, or stacked galaxy observations
(Boyarsky et al. 2014; Malyshev et al. 2014; Anderson et al. 2014),
arguing against an instrumental feature, which would presumably
be present in all XMM observations. In addition, as Bulbul et al.
(2014a) stack clusters at a range of redshifts after shifting the spec-
tra to the rest frame, instrumental features would be smeared out
in their analysis, though it is not clear to what extent a few clus-
ters dominate the 3.5 keV signal in their stacks. However, it is
also possible that the analysis procedure itself leads to the detec-
tion of a spurious line or to overestimating the flux of a weak line.
Tamura et al. (2014) argued that the inclusion of several weak lines
which significantly overlap given the instrumental energy resolu-
tion would lead to a suppressed continuum flux determination, cre-
ating artificial excesses in line-free regions (see their Figure 13).
Removing the plasma lines neighboring the 3.5 keV line in our GC
fits significantly worsens the fit quality and does not remove the
preference for a 3.5 keV line, but it remains possible that the pres-
ence of a large number of overlapping plasma lines could affect the
flux determination of weak lines.
As an additional test of possible systematic effects, we ana-
lyzed XMM observations of the Tycho supernova remnant (SNR),
an object for which a new physics origin for a line at 3.5 keV
similar to the ones advocated to explain the 3.5 keV line from
clusters and galaxies would be highly unlikely. Tycho shows
overall similar plasma emission features (Hayato et al. 2010) to
those seen in the GC. Tycho was observed several times with
XMM and we analyze the seven relatively flare-free observations
(obsIDs 0096210101, 0310590101, 0310590201, 0412380201,
0412380301, 0412380401, 0511180101). The data were reduced
following that same procedure outlined in Section 2.1, concentrat-
ing on the combined MOS1 and MOS2 data. The net flare free
exposure time was 173 ksec for MOS1 and 176 ksec for MOS2.
Fitting the combined MOS spectrum extracted from the full FOV
in the 2.3-4.5 keV range, strong emission lines due to S, Ar, and Ca
are found, similar to those detected for the GC, with the exception
of Ca XX at 4.1 keV which is not detected in Tycho. These lines are
velocity-broadened by 20-40 eV (Hayato et al. 2010), and we fit for
the line width using the brightest lines while constraining weaker
lines of the same element to have the same width.
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Figure 3. Left: Stacked MOS spectrum of M 31 in the 3.0 to 4.0 keV range along with the best-fit simple power law and residuals. Right: Confidence contours
on the combination of line energy and line flux after a Gaussian line is added to the spectrum on the left. Contours show the 68% (black), 90% (red), and 99%
(green) confidence regions.
As in the GC and clusters, we find that also for the Tycho
SNR the addition of a line near 3.5 keV significantly improves the
fit. In this case, the best-fit line energy is 3.55 keV with a flux
of 2.2 ± 0.3 × 10−5 photons cm−2 s−1. The ratio of the flux of
this line compared to the S XVI line flux is 0.08. If interpreted
as emission from K XVIII despite the offset in energy, this flux
ratio implies an overabundance of K relative to S compared to so-
lar for any plasma temperature, similar to what is seen in the GC.
This is completely at odds with theoretical predictions of elemental
abundances from Type Ia supernovae, where normalized to solar
abundances S is always significantly overabundant compared to K
(see e.g. Nomoto et al. 1984; Iwamoto et al. 1999; Seitenzahl et al.
2013).
The comparison to other elements is strongly temperature de-
pendent. We note that the non-detection of Ca XX compared to the
strong Ca XIX emission and the S XV to S XVI line ratio imply
a low average plasma temperature less than ∼ 1 keV. For these
temperatures, the ratio of the ArXVII flux to the 3.5 keV flux (ra-
tio=0.026) likewise implies somewhat overabundant K, though for
temperatures above 1 keV the ratio would be reasonable. The Ca
XIX flux matches reasonably well the 3.5 keV flux with a ratio of
0.034, with the K flux if anything somewhat low (by a factor of two)
compared to solar ratios for low plasma temperatures. We note that
the above discussion assumes solar abundance ratios, while the-
oretical models of abundance yield from Type Ia supernovae im-
ply that the relative K abundance compared to solar abundances
should be suppressed with respect to Ca, Ar and S by factors of 3-10
or larger (Nomoto et al. 1984; Iwamoto et al. 1999; Travaglio et al.
2004; Maeda et al. 2010; Seitenzahl et al. 2013).
The detection of 3.5 keV emission in Tycho argues for either
systematic errors in the measurement and detection of weak lines
or K lines brighter than nominally predicted, but certainly does not
support a dark matter interpretation.
5 DISCUSSION AND CONCLUSIONS
Reports of the detection of a 3.5 keV line from observations of clus-
ters of galaxies and of M 31 (Bulbul et al. 2014a; Boyarsky et al.
2014) with no identified astrophysical line emission counterparts
have triggered significant excitement, and much work on model-
building of dark matter particle models that could explain the emis-
sion. No evidence for such an excess line was subsequently found
in the analysis of Chandra data from the center of the Galaxy re-
ported in Riemer-Sorensen (2014), which also implied limits on
a simple dark matter decay interpretation in tension with the pre-
ferred values inferred from clusters and from M31.
In this study, we analyzed XMM archival data from the Galac-
tic center, with an effective total exposure about a factor 3 larger
than the previous Chandra analysis. We also carefully assessed the
expected emissivity of astrophysical lines that could produce the
observed 3.5 keV feature, associated with Potassium and Chlorine
atomic transitions.
We obtained an excellent fit to the XMM data by adding rele-
vant plasma lines, including in particular two K XVIII lines at 3.48
and 3.52 keV explaining the observed 3.5 keV feature. Using the
measured flux of brighter lines, we estimated a reasonable range for
the flux of the K XVIII lines, and we found that the level of emis-
sion needed to fit the XMM data falls within the expected range. We
thus found no indications of line emission near 3.5 keV in excess
of what expected from known astrophysical plasma lines.
We then re-examined the possible role of Potassium and Chlo-
rine lines in the cluster analysis of Bulbul et al. (2014a), and found
that inferring the emissivity of those lines from other measured
lines, and for a reasonable range of temperatures, the 3.5 keV line
can be explained and no excess is clearly present. Finally, we re-
analyzed XMM data from M 31, and showed that, in the relevant en-
ergy range, the spectrum is well fit by a featureless power law. We
find no preference for a line at statistical significance greater than
one sigma. The one-sigma excess we do find at energies around 3.5
keV also possesses a flux lower by about a factor of two compared
to what claimed in Boyarsky et al. (2014).
We addressed possible systematic effects; while instrumental
features seem unlikely, the possibility that the presence of a large
number of tenuous overlapping plasma lines could affect the flux
determination of the 3.5 keV line remains (Tamura et al. 2014). For
example, we analyzed XMM observations of the Tycho SNR and
found evidence for a 3.55 keV line which, if associated with potas-
sium emission would imply, similar to the Galactic center results,
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a significant overabundance of potassium over, for example, sulfur.
Since no new physics would contribute to a line from a SNR, and
since the thermal emission observed from Tycho matches closely
what seen from the Galactic center, this additional observation ar-
gues against a new physics interpretation of the 3.5 keV line.
In conclusion, while we do find evidence for a 3.5 keV line in
X-ray data from the Galactic center, we showed that within the sys-
tematic uncertainty in the expected flux from known plasma lines,
and considering additional uncertainty due to potential variation
in the abundances of different elements, no conclusive excess line
emission is present either from the Milky Way center or from clus-
ters; also, no evidence was found of any statistically significant line
from M 31 in the energy range of interest.
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